Promotion of germination by red light fails after prolonged dark imbibition of Rumex crispus L. seeds, indicative of a secondary dormancy. The degree and rate of inception of the dormancy increases with increasing temperature. Following establishment of the dormancy, germination response to red light can be restored by either prolonged cold treatment or brief high temperature shifts. Loss of phytochrome was not a factor in the initial establishment of the dormancy. When the seeds are in secondary dormancy, the chromophore of phyto. chrome can be transformed to the far red-absorbing form, but the far red-absorbing form cannot induce germination. The responses to changes in temperature suggested dependence of germination on order X disorder transitions in components of the seeds.
Seeds of some light-sensitive species enter a secondary or induced dormancy after excessively long or high temperature dark imbibitions. In normally light-promoted species, secondary dormancy is manifested by failure of the seeds to germinate after normally adequate radiation treatment. Some of the species studied include lettuce (Lactuca sativa L.) (4), lambsquarters (Chenopodium album L.) (6) , and Rumex spp. (3, 5, 7) .
Various hypotheses concerning the mechanism of the dormancy have been proposed. Among these are chiefly the role of reduced gaseous exchange (9) and the formation of inhibitory substances (1, 7) . Neither has received adequate verification or acceptance. Adding difficulty to studies on secondary dormancy is the fact that prolonged treatment of seeds with temperature as a variable can induce changes in a number of biological processes, whereas a more specific action of very short exposure to temperature change is likely.
Very little is known about the role of phytochrome during secondary dormancy. Phytochrome involvement in secondary dormancy is not an illogical assumption since the loss of light sensitivity upon entrance into the dormancy suggests loss of phytochrome. Changes in light sensitivity mediated by phytochrome have been found for pigweed (Amaranthus retroflexus L.) seeds (11) . This report evaluates the role of phytochrome during secondary dormancy, including induction and release, in Rumex crispius seeds.
MATERIAILS AND METHODS
Seeds of curly dock (Rumex crispus L.) were from the same lot used in previous research (13) and maintained in sealed containers at -20 C. As in this previous research, the seeds were germinated in 9-cm Petri dishes on filter papers moistened with tapwater. After seeds were planted, the dishes were immediately enclosed in opaque, black cloth bags and placed in dark incubators maintained at ±+1 C of the designated temperature.
Seeds were kept in darkness throughout the tests, except during specified light treatments. Temperature changes were effected by manual transfers of the seeds from one incubator to another at the appropriate temperature. After the preliminary treatments, germination was recorded after an additional 5 days at 20 C.
Far red light was obtained from the standard source described previously (13) , as was the red light, except that the energy of the R1 was increased nearly 10-fold to 1.7 ptw cm-' nm-1, unless otherwise indicated.
Each treatment consisted of at least two dishes containing 100 seeds each. Most of the treatments were repeated four times. Quantitative duplication of results of some treatments was difficult to achieve, even in experiments repeated three or more times. Slight temperature variations during the rather prolonged treatments were presumably a principal source of error. The quantitative differences within the experiments were relatively the same. Consequently, more emphasis was placed on qualitative repetition. Each datum reported, however, is the average of all replicates of each treatment.
RESULTS
Preliminary experiments established that germination in darkness was practically nil at 20 C constant; that R adequate to saturate Pr could promote germination; and that saturating amounts of FR would reverse the R-potentiated germination to low levels. These observations are typical of a phytochromecontrolled germination in Rumex spp., as found also by Isikawa and Fujii (5) and Gambi (3) . These workers also noted that dark imbibitions longer than 24 to 48 hr resulted in progressively less germination after R illuminations. Our results in similar kinds of experiments further confirm and extend the findings of these other workers (Fig. 1) . Clearly, the temperature and duration of the preliminary dark imbibition have profound effects on the magnitude of germination after R irradiations.
A feature of interest is the relative stability of the germination response following R irradiations given after 4 or more days of imbibition at 5 C. In contrast, an increasingly rapid loss in response after imbibitions at higher temperatures is observed, where both the maximum level of achievable germination and the response to specific R irradiances (sensitivity) de- cline. For example, after 1 day of imbibition at 20 C, about 34% germination results after an exposure of 15 sec of R. However, after 4 days, 1 min of R is required to induce about the same amount. During that 4-day time, the maximum inducible germination fell sharply also. These observations are typical of previously reported data on Rumex and other species entering secondary dormancy.
Overcoming Secondary Dormancy. Failure of seeds imbibed at 5 C for prolonged periods to enter secondary dormancy ( Fig. 1 ) and previous reports (3, 8, 9) prompted an investigation of the effects of low temperature on recovery of light sensitivity (loss of secondary dormancy) in seeds entering or already in the dormancy. Data in Table I indicate that the effectiveness of 5 C treatments is influenced mainly by the duration of the 30 C dormancy-inducing pretreatment. After 4-and 6-day 30 C pretreatments, recovery of the seeds is less complete, suggesting either insufficient time at 5 C, a higher requirement for Pfr, or some irreversible change. Additional experiments (Table II) , wherein seeds pretreated at 30 C for 6 days were subjected to longer (up to 192 hr) recovery periods at 5 C and also to longer R irradiance (up to 16 min), revealed nearly complete recovery when the seeds were given the extended 5 C treatments and additional R energy. Thus, treatment at 5 C after induction of secondary dormancy restores responsiveness to R.
According to Figure 1 , pretreatments at 20 C also induce secondary dormancy. However, the degree of the induced dormancy is apparently not as great as at 30 C since pretreatments at 20 C for up to 8 days (or less) required only 24 hr at 5 C for almost complete recovery of the response to R (data not presented). Recovery of 30 C-pretreated seeds at 10 and 20 C have been examined. At 10 C partial recovery is observed, but 20 C is ineffective even if the recovery period is prolonged.
Contrasted to previous experiments (Table I) where R was given at the conclusion of the 5 C recovery period, experiments were conducted with similar 30 C pretreatments and R at the beginning of the 5 C period (Table III) . Compared with results in Table I , these data (Table III) show that, when R is given at the beginning of the 5 C period, the seeds require about 24 hr less to recover to a given level of germination and that recovery is more complete. The fact that R at the beginning of the 5 C period is at least as effective as that at the end suggests that resynthesis of phytochrome is not required for recovery during the 5 C period. As noted before, seeds pretreated at 20 C for up to 8 days germinated completely after R given at the beginning of subsequent 5 C periods of only 24 hr.
The reason seeds in secondary dormancy display higher germination when given R before rather than after 5 C periods is not immediately evident. The possibility of some action of Pfr at 5 C was tested by pretreating at 30 C for 4 days and following this with a R treatment and transfer to 5 C for a 96-hr period. FR exposures were given during the 96 hr, 5 C period (Table IV ). The data indicated that about 20% of the 30 C-pretreated seeds escaped phytochrome control (indicative of Pfr action) during the 96 hr at 5 C. This seemingly accounts for a considerable part of the difference between R treatments at the beginning as compared with those at the end of the 5 C (Tables I and III; see 4 -day, 30 C pretreatments). Significantly, seeds pretreated at 5 C (and therefore not in a secondary dormancy [ Fig. 1]) show a more rapid and higher degree of phytochrome action under these same conditions.
In other experiments relating to the question of differences in R effectiveness at the beginning and end of the 5 C period, we examined the effect of R given during the 5 C period or at the beginning and end. The results (Table V) indicate a lessening of germination response associated with R given within Since seeds pretreated at 30 C for 1 to 6 days display high germination after R given at the beginning of a 96-hr, 5 C period, the procedure was used to test sensitivity to R doses after similar dark pretreatments (Table VI) . In principal, the object was to determine possible changes in phytochrome levels resulting from pretreatment. The results do not suggest any marked loss of phytochrome from 30 C pretreatments up to 6 days. Other experiments, identical except using pretreatments at 5, 10, and 20 C dark for 1 to 8 days, gave germinations comparable with those after 30 C pretreatments in Table VI (data not presented). The effectiveness of R treatments at the beginning of the 5 C periods suggests that transformable phytochrome was not limiting at the end of high temperature pretreatments. However, resynthesis of phytochrome could still be occurring at the low temperature. Previous results (13) suggested a net increase in transformable phytochrome after imbibition at 20 C but not at the lower (5 and 10 C) or higher (30 C) temperatures tested. Additional experiments confirmed a more rapid resynthesis of phytochrome at 20 C than at 5 and 10 C (Table VII) . The experimental details, while seemingly complex, required careful preliminary experimentation because the highest rate of apparent resynthesis is at a temperature that is inducive of secondary dormancy. Therefore, the observed apparent rate of resynthesis at 20 C is probably low.
Temperature Shifts. In Figure 1 , the various time and temperature pretreatments were followed directly with R irradiation. Instead, if a single 2-hr, 40 C temperature shift is inserted after the pretreatments, the response of the seeds is changed considerably (Fig. 2) , particularly at the higher pretreatment temperatures. Seeds that have entered secondary dormancy (according to data in Fig. 1 ) are readily promoted 5, 10 , and 20 C dark begun. Following this, the seeds were exposed to 4 sec R (0.2,uw cm-2 nm-') and transferred to 35 C for by R after the temperature shift. After pretreatment at 25 C for up to 16 days, the seeds were fully responsive to R (data not presented). After more than 2 days at 30 C, the response to R apparently begins to decline. However, seeds pretreated at 30 C for 4 and 6 days can be fully promoted by R if the shift is given on 2 consecutive days (data not presented). The effect of two shifts is also evident from our previously published data (13) . This same report (13) also deals with the dark germination evoked by temperature shifts, basically like that in Figure 2 .
DISCUSSION
The phenomenon of secondary dormancy among species of light-sensitive seeds has been adequately established (3) (4) (5) (6) (7) . The resemblance of the response to R of the seeds entering the dormancy to a possible loss in phytochrome drew our attention to the problem. That is, seeds entering secondary dormancy require progressively more R energy as dormancy increases to evoke equal germination. Ultimately, R becomes ineffective.
The reasoning is similar in principle but opposite in direction to the increased sensitivity to R with prolonged imbibition we reported for A. retroflexus (11) .
The effect of temperature on the induction of secondary dormancy in R. crispus seeds is somewhat unique (Fig. 1) . First, one observes that secondary dormancy is induced at a temperature (20 C) that is favorable for germination. Second, the dormancy is induced more rapidly at a higher temperature (30 C). However, the higher temperature given for much shorter periods (2 hr) after appropriate imbibition does not promote dormancy but actually stimulates germination (13) . The only temperature at which a measurable degree of secondary dormancy failed to develop upon dark imbibition was 5 C. Also, imbibition at 5 C resulted in seeds that required the smallest amount of R energy for stimulation of germination. Even these seeds, however, required approximately 10 times more R energy than would be required to evoke germination in conjunction with temperature shifts (12, 13) .
Overcoming secondary dormancy by treatment of seeds at low temperatures (Table I ) has been effective in previous works (9) . The results indicate a cumulative action of prolonged exposure to high temperature on degree of the dormancy. Graphs (not presented) of the data of pretreatment at 30 C for up to 4 days indicate that the time required for 50% recovery to R approximately doubles as time at 30 C doubles.
Also, an initial lag period exists during which little or no recovery is evident in seeds pretreated for more than 1 day. This time lag is somewhat less than 24 hr for 2-day pretreated seeds, and 48 hr for 4-day pretreated seeds. After this lag, the slope of the recovery curves is reasonably similar. Most of these relationships fail after 6-day pretreatments.
The central question is what role phytochrome may have in these phenomena. Several conclusions seem relatively clear. First, loss of total phytochrome as an integral part of the dormancy induction process seems unlikely. This conclusion is supported by data presented by Table VI where equal red energies yield nearly equal germination in seeds imbibed at 30 C for 1 to 6 days. A similar conclusion was reached in an earlier report (13) .
Second, a requirement for Pfr to achieve recovery during the 5 C period after induction of secondary dormancy is also unlikely. Although better apparent recovery resulted from R irradiation before the 5 C period (Table III) rather than after (Table I) , other explanations for this effect seem more plausible (Tables IV and V) , and the fact remains that there was substantial recovery in seeds pretreated at 30 C and placed directly in 5 C without prior R exposure. Although we cannot be certain that these 30 C-pretreated seeds lacked Pfr, previous work indicates Pfr must be at an extremely low level (13) .
Third, resynthesis of phytochrome at 5 C is apparently not a requirement for recovery. This is supported by data in Tables I and III that deal with timing of the R exposure before and after the 5 C treatment and the data in Table VII that indicate 20 C as a more favorable temperature for phytochrome synthesis.
A potential key to the role of phytochrome in seeds entering secondary dormancy deals with the timing of the R exposures relative to the 5 C recovery treatment (Table I and III) . The principal deduction is that although seeds have entered secondary dormancy and cannot germinate when given R, phytochrome is still fully transformable. Thus, seeds imbibed at 30 C for 4 days and given saturating R doses fail to germinate when placed at 20 C (Fig. 1) . In order for these seeds to germinate, a relatively long period at 5 C (96 hr or more) must follow the 30 C pretreatment. Red illumination of seeds before transfer to 5 C promotes high germination at 20 C after the required the required Pr -* Pfr transformation of the phytochrome chromophore at the end of the 30 C treatment. The reverse transformation (Pfr -e Pr) is also easily accomplished (Table  IV , FR at 0 hr). Our fourth conclusion, then, is that secondary dormancy does not preclude phytochrome transformation but prevents its action unless seeds are subsequently incubated at 5 C.
Evidence is available (Table IV) indicating that Pfr does not begin to act in 30 C-pretreated seeds until after approximately 72 hr at 5 C. Also relevant is the more rapid action of Pfr after pretreatment at 5 C, indicating that seeds not in secondary dormancy can better utilize Pfr at 5 C to initiate processes leading to germination. We do not suggest that 5 C is requisite for Pfr utilization. Seeds not in secondary dormancy utilize Pfr at 20 C adequately (Fig. 1) and considerably faster than at 5 C (data not presented). Further, although 5 C treatment achieves recovery of seeds in secondary dormancy, we have found that pretreatment at 5 C does not preclude subsequent onset of secondary dormancy at 30 C.
Although previous works have established that relatively long, low temperature treatment is helpful in overcoming secondary dormancy (9) , none that we have found establish that a brief period at a higher temperature will act similarly (Fig. 2) . Whether the fundamental action of the brief higher temperature shift is the same as that at 5 C cannot be ascertained, but both clearly bring about germination in seeds having entered secondary dormancy. Assuming, for the moment, a similar action of low and high temperatures, the suggestion of a requirement for biophysical rather than biochemical events to overcome secondary dormancy emerges.
Secondary dormancy in seeds has been related to changes in permeability to oxygen (9) and to metabolic maladjustment.
Our results are more in accord with disorder at the molecular level of structured parts of the seeds. These can be described as order >± disorder changes in cooperative structures or as phase transitions. The changes can be in organization of membrane components (2) , in protein configuration with denaturation as an extreme, or in mesomorphic transitions as exhibited in lipids (10) .
Displays involving changes in cooperative states are expected to have high-temperature dependence over some small-temperature interval, a sort of melting point. Hysteresis is likely between changes under increasing or decreasing temperature. Disorganization is favored by increase in temperature. Reorganization at a lower temperature might be enhanced by prior heating to degrade intermediate arrangements of structural units. The changes can be very slow, as shown in the crystallization of syrups and the ordering of atomic positions in alloys.
In seeds, a lack of function to germinate is expected to result from disorder in the function system. To illustrate, a membrane might be modified in its lipid-protein interaction, or a critical enzyme might be partly unfolded. The time required to induce the secondary dormancy decreases as temperature increases, as expected for a cooperative phenomenon, albeit in a narrow temperature interval. Breaking the dormancy, equated to reorganization, such as at 5 C as used here, requires many days. The period is reduced by heating to 40 C for a brief period. At a temperature favorable to germination such as 20 C, the order ;± disorder transition leading to dormancy competes with the result of order that leads to germination.
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